The fine structure of the plasma membrane and the mesosomes of Streptomyces coelicolor was studied by means of serial sections of aerial mycelium fixed in glutaraldehyde and osmium tetroxide, by negative staining of intact cells and cell fragments, and by freeze-etching. The plasma membrane as seen in freezeetch preparations showed the typical features of bacterial plasma membranes : it was densely covered with small particles when viewed from the convex side. In serial sections it was possible to follow corresponding ' unit membranes ', suggesting the existence of spaces bounded by extensive lamellae. Negative staining revealed stacks of tubes and also spaces confined by lamellae. Vesicles were only rarely encountered. In freeze-etch preparations the mesosomes appeared mostly as clusters of vesicles, but lamellar and tubular regions were also found. It is suggested that 'the mesosome' with a uniform anatomy does not exist but that lamellae, tubes and vesicles arise from each other.
I N T R O D U C T I O N
In Streptomyces mesosomes were first described by Glauert & Hopwood (1959) in Strepcomyces coelicolor, by Stuart in S. noursei (1959) and by Moore & Chapman (1959) in an unidentified streptomycete. Later, extensive intracytoplasmic membranes were also found in S. cinnamonensis (Chen, 1964) , S. viridochromogenes (Rancourt & Lechevalier, 1964) and S. venezuelue (Bradley & Ritzi, 1968) . All these publications dealt with non-serial sections of mesosomes fixed in osmium tetroxide. This technique alone does not provide enough information for the reconstruction of the three-dimensional structure of these complicated organelles, so the new techniques in electron microscopy which have been developed since the work of Glauert & Hopwood (1959 & Hopwood ( , 1960 ) made a fresh study desirable. In order to obtain new information on the structure of mesosomes they were examined by means of different methods : serial sectioning of double-fixed material, negative staining of intact cells and cell fragments and freeze-etching.
The mesosomes appear in sections to consist of clusters of 'unit membranes' which are often continuous with the plasma membrane. Therefore the latter was also included in this study for comparison, especially since it has been shown in bacilli by freeze-etching that there are clear structural differences between mesosomal and plasma membranes (Nanninga, 1968; Remsen, 1968; Holt & Leadbetter, 1969) .
This report is one of a series of papers dealing with the morphological characterization of Streptomyces coelicolor strain A 3(2) (Wildermuth, Ig7Ob; . These investigations form the basis for a study on the genetic control of the sporulation process (Hopwood, Wildermuth & Palmer 1970) .
METHODS
Organism and growth conditions. Streptomyces coelicolor strain A 3 ( 2 ) (S. violaceoruber according to Kutzner & Waksman (1959) ), obtained from Professor D. A. Hopwood, was grown on chemically defined agar medium ('minimal medium'; Hopwood, 1967) at 30". For an experiment in which the hyphal wall was digested with lysozyme, substrate mycelium was grown from a spore suspension. This was inoculated in liquid minimal medium enriched with casein hydrolysate (Difco Casamino acids, 0.6 %) and incubated for 16 h. at 30" on a New Brunswick gyrotary shaker.
Chemical fixation and sectioning. Single colonies containing mature spores were fixed with glutaraldehyde and osmium tetroxide as previously described (Wildermuth 1970b ) and embedded in Araldite. Thin sections were cut with glass knives on an LKB Ultrotome 111 microtome and picked up on carbon coated grids.
Negative staining of intact cells. Whole mounts of aerial hyphae and spores were obtained by touching the top of vigorously sporulating colonies with a carbon-coated grid and the impressions negatively stained with 2 % (w/v) aqueous ammonium molybdate or I % (w/v) potassium phosphotungstate adjusted to pH 7 (Wildermuth, I970a, b) .
Negative staining of isolated membrane fragments. Aerial hyphae and spores from mass cultures were suspended in ice-cooled distilled water, centrifuged at 43008. The pellet was then suspended in a small volume of water, sonicated with ultrasound from a Mullard L364 ultrasonic generator for 20 min. in an ice-cooled water bath, shaken in a Mickle cell disintegrator (glass beads size 16) at 4" for 10 min. and afterwards centrifuged at 9000g for 10 min. in a Spinco model L ultracentrifuge. The supernatant was again centrifuged at 58,ooog for 45 min. and the residue negatively stained with I % (w/v) potassium phosphotungstate at pH 7 (Brenner & Horne, 1959) .
Evagination of mesosornes andprotoplast formation. The young mycelium in liquid medium was separated on a bench centrifuge at 87008 for 3 min., washed twice in 0-1 M-tris-HCl containing 40 mM-MgC1, and sucrose added as described by Ellar & Freer (1969) . After the eversion of the mesosomes the suspension was made I M with respect to sucrose and the cell walls of the organism were digested by adding lysozyme (I mg./ml.) in a shaking water bath at 37". Samples for examination in the electron microscope were taken after 30, 60 and 120 min., centrifuged, washed in the staining solution and negatively stained with I % (w/v) potassium phosphotungstate.
Freeze-etching. Aerial mycelium was collected from sporulating mass cultures grown in plastic dishes, suspended in water, centrifuged and the pellet frozen-etched according to the method described by Moor (1964) .
Electron microscopy. The specimens were examined in a Siemens Elmiskop Ta electron microscope at an accelerating voltage of 80 kV. Photographs were taken at instrumental magnifications from 8000 to 30,000.
RESULTS

Plasma membrane.
Freeze-etchings of the plasma membrane are shown in Fig. I and 3 . When viewed from their convex sides the membranes were densely covered with particles of approximately 4 to 8 nm. in diameter. On the other hand, when the membranes exhibited their concave side the particles were sparsely distributed. On the convex side short strands with about the same diameter as the round particles were detected (Fig. I) . It is not certain whether the strands correspond to the connections between the cell wall and the plasma membrane as seen in other bacteria (Holt & Leadbetter, 1969) . Fig. 8 shows a chain of young spores. In Fig. 9 and 10 the mesosomal structures are seen as dense double lines separated by a transparent zone. The mesosome in Fig. 1 Fragments of membrane material were abundant in the final fraction of differentially centrifuged hyphae and spores which were previously disrupted (Fig. 2) . The surface was occupied with small particles.
Mesosomes. In thin sections of aerial hyphae the mesosomes appeared mostly as mixtures of circles, ellipses and concentric lines (Fig. 4) consisting of triple-layered membranes (' unit membranes'). However, it was difficult to judge from sections whether the circles and ellipses represented cross sections of vesicles or convoluted and branched tubes. Groups of concentric lines could either correspond to longitudinally sectioned tubes or to compartments confined by lamellae. In serial sections it was possible to follow corresponding lines within mesosomes (Fig. 5 to 7) . From this result it is concluded that the lines correspond to lamellae. In the example shown in Fig. 5 to 7 the membranes extend at least 300 to 400 nm. perpendicular to the plane of the sections. It should be noted that this evidence for lamellae in mesosomes does not exclude the existence of tubes. In negatively stained intact hyphae and spores electron-dense bodies which are interpreted as mesosomes were often observed. The frequency of these organelles per cell varied. In some cells they were very abundant while they were completely absent in others. The membranous bodies consisted mainly of groups of curved lines sometimes running parallel and it is thought that they represent tubes or pockets confined by membranes (Fig. 8 to I I) . A number of mesosomes encountered were evaginated in the periplasmic space (Fig. 1 1 ) . Occasionally they appeared as clusters of circles. The mesosomal spaces were confined by dense and mostly blurred lines, but occasionally they appeared as sharp double lines separated by a transparent zone (Fig. 9, 10) . The dimensions of the double lines correspond approximately to those of 'unit membranes' as seen in thin sections of chemically fixed material.
Additional information was obtained from evaginated mesosomes of protoplasts. Although difficulties were encountered in obtaining protoplasts, in some instances tube-like appendages were clearly seen on the cell surface and it is believed that they represented parts of expelled mesosomes (Fig. 12) . The surface of the membranous structures appeared smooth.
In the cytoplasm of frozen-etched cells there appeared conspicuous bodies which were considered to represent mesosomes ( Fig. 13 to IS) . They consisted mostly of clusters of vesicles with a diameter of approximately 50 nm. The vesicles were round, or, when occurring in dense clusters, hexagonally shaped. They were mostly seen from the outside (as convex structures) but occasionally concave views were also observed (Fig. 13) . Fig. 14 shows a large mesosome which might consist of tubes or lamellae. On one side parallel lines are visible and on the top there are indications of convoluted tubes which end in vesicles. Crossfractured lamellae and vesicles are seen in Fig. 17 . In this specimen the mesosome appears to be made of a number of superimposed membranes leaving vesicular spaces between them. Another cross-fracture of a group of intracytoplasmic membranes is seen in Fig. 15 . As in single sections of chemically fixed material it cannot be decided whether they correspond to tubes or lamellae. Fig. 1 8 is thought to represent a mesosomal envelope (note that it is a depression). It Fig. 1 3 to 15 . Freeze-etch preparations of mesosomes in aerial hyphae. Fig. 13 shows a large mesosome mainly consisting of vesicles. Tubes (t) ending in vesicles are seen in Fig. 14 
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shows vesicular protrusions and is sparsely dotted with particles. An unusual structure is seen in Fig. 16 in which the surface of a group of vesicles is continuous with a flat area exhibiting a crystal-like pattern. Certain hyphae which are thought to be ageing cells were often filled with large round bodies (Fig. 19) . In spite of their stratified appearance they are not made of membranes and there is hardly any connection with mesosomes. Presumably they correspond to the osmiophilic bodies or to the 'vacuoles' observed in sections of disintegrating hyphae (Wildermuth, 197ob) . Fig. 16 to 18 . Freeze-etch preparations of mesosomes. Fig. 16 shows an unusual crystal like pattern on an area which is in continuity with mesosomal vesicles; Fig. 17 : mesosome with partly crossfractured lamellae. Fig. 18 is thought to represent a mesosomal envelope which is sparsely dotted with particles. Bar represents 0.25 pm. 
DISCUSSION
Plasma membrane. In freeze-etch preparations the plasma membrane exhibited two different aspects of fine structure according to whether it was viewed from the convex or concave side. Miihlethaler, Moor & Szarkowski (1965) suggested for chloroplast membranes that the difference was due to two fracturing faces following along the inner and outer surface of the membrane. In contrast Branton (1966) proposed a single fracture plane running through the interior of the membrane. This view was recently experimentally confirmed by Wehrli, Miihlethaler & Moor (1g70) , who designed a method for double replication of corresponding membrane regions. According to their results with chloroplast thylakoids, the convex side of the bacterial plasma membrane is now interpreted as the ' inner fracture face' and no longer as the outside of the membrane. The 'outer fracture face', on the other hand, would now correspond to the former inner side of the plasma membrane.
The surface of isolated membrane fragments was occupied with very small particles of irregular size and appearance. They are smaller than those described in the plasma membrane of Bacillus stearothermophilus (Abram, 1965) .
Mesosomes. The mesosomes of Streptomyces as seen in thin sections are structurally similar to those in other Gram-positive bacteria. The mesosomal components were always seen as triple layers ('unit membranes') and did not consist of compound membranes formed by the union of two ' unit membranes ' as found in the myxobacterium Chondrococcus columnaris (Pate & Ordal, 1967) . Highton (1969) stated that the circular and oval components of the mesosomes in BacilZus Zicheniformis were bounded only by a single line. However, it is difficult to judge on the basis of his published micrographs whether the electron-dense line is single or double. In streptomyces the circles undoubtedly consist of 'unit membranes' and the same holds true for C. columnaris (Pate & Ordal, 1967) .
Although the mesosomes of Streptomyces coelicolor could be followed in serial sections there are still some doubts with respect to their three-dimensional structure. This is especially true for the circles and ovals which might represent cross-sections through vesicles or tubes. Ryter (1968) suggested that the mesosomes in Bacillus subtilis consist only of vesicles and that lamellae are fixation artifacts. However, this does not appear to be true for streptomyces since concentric lines (' membranes ') are still found in double-fixed cells. while Nanninga (I 968) described similar cross-fractures as tubes.
Although lamellae certainly exist in mesosomes it is not excluded that tubes may also occur. In fact, short tubes ending in vesicles were demonstrated in freeze-etchings. Furthermore, the electron-dense parallel lines seen in negative stainings of intact cells may also be interpreted as tubes. However, it is conceivable that these are all transitions from tubes with circular profiles to larger spaces bounded by lamellae. Tube-like structures were furthermore observed in hyphae which were treated with hypertonic solutions of lysozyme. The negatively stained structures were similar to those obtained from corresponding experiments in Listeria
monocytogenes (Ghosh & Murray, I 969) and from Mycobacterium srnegmatis (Cesari, Rieber & Imaeda, 1969) . Highton (1969) , in contrast to Ryter & Landman (1964) , considered 'vesicles' seen in sections of chemically fixed Bacillus licheniformis as artifacts, formed by breakdown of membranes. This possibility cannot be excluded, especially since the frequency of the vesicles could be experimentally varied by different treatments prior to fixation. On the other hand vesicles were clearly demonstrated in frozen-etched cells of various Bacillus species (Nanninga, 1968; Remsen, 1968; Holt & Leadbetter, 1969) and during this study in Streptomyces coelicolor. The vesicles occur singly, in small clusters, or in large aggregates. Presumably they communicate when occurring in groups.
In spite of the numerous publications on the fine structure of rnesosomes there are still some uncertainties with regard to their three-dimensional structure. The morphological variation of these organelles as seen in the electron microscope might suggest that the mesosomes are of dynamic anatomy. Since their appearance varies within the same strain with respect to their shape, size, architecture, number per cell and topographical situation their structure may be continuously altered. Thus lamellae, tubes and vesicles could arise from each other as in the Golgi apparatus of eukaryotic cells where vesicles are persistently formed at the end of tubules.
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